The ability to perform a direct search for meteoroid streams present within photographic and radar data sets is important in order to provide analyses of the structure of these streams, to enable their removal from the data set for sporadic background studies, and to assist in studies of their progenitor bodies. In the past searches have used dissimilarity functions, called D-criteria, to find orbits within a given dissimilarity of a particular mean stream orbit. Here we extend this method to enable the statistical significance of the stream members found to be established -this significance is determined by testing against similar areas of orbital element space. The data set provided by the AMOR meteoroid orbit radar is systematically studied using this method with reference to a large listing of mean stream orbits found in other studies.
I N T RO D U C T I O N
In order to determine the presence of meteoroid streams within a data set, a well-recognized method involves the comparison of each meteoroid orbit with a set of known stream orbits to look for geometrical similarities. Generally a given meteoroid is associated with a stream if the dissimilarity between their orbits is lower than a preset amount, this dissimilarity being measured by one of a set of functions collectively known as D-criteria. The latter measures the dissimilarity based upon comparison of meteoroid orbital elements or of some geocentric quantities of the meteor. In the current study the function defined by Southworth & Hawkins (1963) will be preferred which measures dissimilarity in terms of the orbital element set: perihelion distance q, eccentricity e, inclination i, argument of perihelion ω and longitude of the ascending node . A summary of the various D-criteria is available in Galligan (2001) .
The data set provided by the AMOR radar system is known to have very little easily discernible stream structure. Previous attempts to enhance this structure for more easy detection have resulted in the finding of several major, and a few minor, meteoroid showers (Galligan & Baggaley 2002) . It is important to use a direct comparison against known streams, therefore, to determine whether there is other coherent structure within the data set which is not apparent until it is specifically searched for. This approach introduces some danger in that there are high-density regions of the orbital element space present particularly in the radar determined data sets where, if one searches for any given orbital structure, one is likely to find some E-mail: d.galligan@paradise.net.nz †Present address: Defence Technology Agency, Devonport Naval Base, Private Bag 32901, Auckland, New Zealand. apparently correlated meteoroids. This paper introduces a method of determining whether the correlated orbits found represent a significant cluster within the data set.
DATA S E T S

The AMOR data set
The AMOR meteoroid orbit radar (Baggaley et al. 1994; Baggaley & Bennett 1996; Baggaley et al. 2001 ) has been operational since 1990. Since that time it has been increasingly active, securing greater than 10 5 meteoroid event records in each year since 1995. AMOR is very sensitive with a limiting radio magnitude of +14 corresponding to meteoroid diameter 40 µm being achieved. The data set used for the current study consists of ∼5 × 10 5 meteoroid orbits obtained between May 1995 and December 1999. The system at that time consisted of three ∼8 km separated sites -comprising a central site at which the transmitting and main receiving arrays and control and cataloguing computers were situated and two remote sites which each had receiving arrays and communicated with the central site by VHF telemetry. Heliocentric orbits are recorded in this catalogue which have been fully corrected for all known effects related to observation on an Earth based platform -this includes gravitational focussing. Typical orbital measurement uncertainties are ∼2
• on most angular elements and ∼5 per cent on speed and size parameters (Baggaley et al. 1994 ).
Reference mean stream orbit data set
In order to easily perform computerised searches in which a given orbit is compared to many known shower orbits simultaneously, a data Table 1 . The mean stream orbit data set as obtained from several sources for use as a reference in determining stream associations. The reference number shows the data set from which the mean stream orbit derives. All angular elements are given with respect to the Epoch J2000.0 (most of the original data sets were given with respect to B1950.0 and these have been updated here to the modern J2000.0 standard). Where possible the number of orbits used to originally determine the mean is shown. The derivation of these stream orbits is described in more detail in the text. set has been assembled of representative stream orbits. This comprises the results of several stream searches over the past decades as gleaned from the published literature. Several of the showers in this data set are not visible by AMOR due to their northerly declinations: however they have been included for completeness as at the time of compilation it was not certain which cut-off declination would be used. There are six published sources from which the mean orbits are drawn. Source 1 is from the standard list of meteor showers of Cook (1973) , this includes all of the major and also many minor showers. Sources 2 and 3 are from the serial-association searches in precise photographic data sets by Lindblad (1971a,b) . Source 4 is from a serial-association search of 3675 radar meteoroid orbits by Jopek, Valsecchi & Froeschlé (1998) while Source 5 is similarly from a search of 865 photographic orbits -the latter are the same orbits surveyed by Lindblad (1971a) using a slightly different technique. Source 6 is from a survey of radar meteoroid orbits obtained by the Adelaide radar system as given in Gartrell & Elford (1975) . Many of the 277 stream orbits within the current data set represent slightly different variants of the same stream's orbit. The inclusion of such repetition, which is particularly significant between Lindblad (1971a) and Jopek et al. (1998) , is deemed to be useful as often the difference between the different mean orbits will be great enough to make some difference to a search process. Table 1 lists all of the mean stream orbits from this data set which had any significant numbers of members found within the AMOR data set; the complete list of all 277 orbits is too long to list here, the reader is referred to Galligan (2000) for further information. The reference number column in the table corresponds to orbits sourced from the six publications listed above. Southworth & Hawkins (1963) The direct search approach (i) presupposes the knowledge of the correct mean orbit for the stream under consideration. It amounts to a search within a hyper-sphere of radius D m in the D-criterion space centred on the mean. In this case the formulation of the D-criterion has a strong impact on the shape of streams discovered. The serial-association method (ii) is discussed further in Galligan (2003) .
CSF
T E C H N I Q U E
Southworth and Hawkins apply the direct search approach to their photographic data set using their D SH D-criterion to measure dissimilarity. They find that a 0.20 cut-off level retrieves the streams they expect; this expectation being based on previous more rudimentary searches in the data.
Such a search is attempted here by comparing AMOR data from meteors recorded in the years 1995-1999 with the mean stream orbit data set of Section 2.2 (note that the stream mean orbits are referred to in this study by an identification number preceded by CSF -common stream format data set member). There are strong observational bias conditions on meteoroid detection by an Earthbased system and there are also large uncertainties in the orbits determined by the radar method relative to those present in orbits based upon photographic and video detection. It is therefore difficult to say, unless a stream is very strong, that it is not simply an artefact of these considerations: if one searches amongst a ∼10 5 orbit data set for a particular stream it is very likely that a few meteors will almost exactly match that sought. It is clear then that some objective method must be found for determining a lower limit of stream strength at which one considers the stream 'real. ' A new method, which is applicable to any meteoroid orbit data set, is used to determine the significance of associations. It assumes that a shower does not persist for a large proportion of a year and that due to the various bias effects on q, e and ω (see for example shower associations occur purely due searching in these high-density regions. The null hypothesis which must be tested may be stated as follows.
The shower associations which one may infer by a direct comparison against a mean orbit are a result of that orbit falling within a high-density region of the large-scale orbital element distribution and have no statistical significance for physical stream presence.
The AMOR orbits are partitioned into equinoctial years and all orbits from each year are compared against each mean stream orbit using the dissimilarity function of Southworth & Hawkins (1963) at a wide variety of cut-off levels. At the same time a 'box' in q, e and i space is rather arbitrarily assigned to contain all orbits for each year within a range of 0.2 au, 0.
• 2 and 10 • centred at the orbital elements q, e and i of the mean orbit respectively. The aim here is to obtain the orbits of all meteoroids which are similar to the mean stream orbit apart from the temporal differences caused by the lack of use of the longitude of the ascending node. The argument of perihelion is also excluded because this parameter is defined by q and e via the condition for orbital intersection with the Earth as given by
where ± refers to whether the intersection occurred at the ascending (+) or descending (−) nodes. The orbits selected within the 'box' are each used as reference orbits to directly search against using the same dissimilarity function and at the same cut-off levels as the original stream search is carried out at. Only orbits outside a 60
• wide exclusion zone centred on the solar longitude at shower maximum are used in order to prevent the shower from removing its own significance: this of course does not work when the D-criterion chooses to associate with meteors at the other node of the shower; in such cases (apart from the Orionids) the shower is very minor so this limitation is not important. From this, an average number of associations per orbit at each cut-off level is established. This average is then compared with that obtained from the original direct search against the reference mean stream orbit. The null hypothesis is tested in this comparison: assuming Poisson random statistics then one can set a confidence level for rejection of the hypothesis. The 95 and 99 per cent levels are used in the current study.
The Poisson distribution is defined by
where P is the probability of an event occurring n times over a certain time or spatial region whilst λ is the average number of times that such an event is expected to happen. There are periods of equipment down-time in the time-coverage of the radar with ∼70 per cent uptime being achieved on average over the 5 yr under study. Such outages may lead to significant stream associations being rendered insignificant: however, in such cases it is impossible on the basis of the available data to determine otherwise. There is also a problem with end-points in the equinoctial year data sets, where those showers occurring at solar longitudes near the 0
• /360
• equivalent point are biased due to their position. In order to provide an optimal background in each year those mean streams having mean solar longitudes λ ∈ (270
• , 90
• ) are compared against data sets selected between autumnal rather than vernal equinoxes. These data sets have been labelled with the calendar year signifying that in which the first autumnal equinox occurred. There are four of these 'years': A1995, A1996, A1997 and A1998. Streams having λ ∈ [90
• , 270
• ] continue to be compared against the standard vernal equinox delimited years which are similarly labelled: V1995, V1996, V1997, V1998 and V1999.
R E S U LT S A N D A NA LY S I S
The search has been split into three sections: near-ecliptic (i < 10
• , 20
• )) and medium to high inclination (i 20 • ). The reason for this partitioning of the reference mean orbits is due to the tendency of D SH to associate unrelated orbits at a lower cut-off limit for lower inclination orbits. Galligan (2001) notes that in general, due to the increased uncertainty in higher inclination orbits, in combination with this low inclination sporadic association tendency, it is necessary to use different cut-off levels. The imposition of these levels in the current study is at arbitrary positions with a conservative approach being taken in order to ensure that only stream members are associated.
The D SH based searches within these sets are shown, as performed at respective cut-off levels of 0.10, 0.15 and 0.20 (these are fairly standard values of D SH established in other studies), in Tables 2, 3 and 4 respectively. The 'Set' column in these tables contains 'A' when a virtual year stretching between the autumnal equinoxes in 1995 and 1999 has been used and 'V' where a similar year between vernal equinoxes in these years has been used. The calendar year label refers to that in which the equinoctial year begins. The '−', '+' and ' * ' symbols in the confidence level column are used to denote the conditions where 95 per cent confidence is not achieved, 95 and 99 per cent confidence are achieved respectively. Fig. 1 shows the change in the meteor rate recorded by AMOR over the five years covered. This graph may be of use to the reader in order to ascertain the coverage of AMOR during particular time periods over the years. It should be noted that owing to diurnal and seasonal changes in the meteor influx rate in combination with diurnal and seasonal changes in the atmospheric interference experienced at AMOR's radio frequency: the rate curve levels may not always give a direct indication of the coverage, or lack of coverage, at the time of the shower. There are many clear periods of very low meteor rate in this graphic which give definite indication of the degree of coverage however. The near-ecliptic orbits (Table 2) are the most populous; they also have the smallest average number of significant associations in comparison with the AMOR data set. This is not very surprising as in single-linkage style searches low-inclination orbits are the first to form groupings: they also have generally the lowest uncertainties and also represent the most populous region in the AMOR data set. It is therefore relatively easier to form 'streams' within this region than in others. This implies the presence in published stream orbit lists of some possible artificially formed 'streams' from such searches. As a result of the low inclination of orbits in this region, there are likely to be very few coherent streams present as planetary perturbations on particles of the size range measured by AMOR are expected to act quickly to smooth-out any stream presence.
Of the significant streams, the α Capricornids (CSF 88, 34 and 185) is detected at the 99 per cent level in three years, with V1997 and V1998 not meeting this confidence level, perhaps due to the uneven coverage over the active times in the latter years. The North ι Aquarids appear at the 99 per cent level in V1995 using CSF 36 and also appear in V1996; however, this time using the CSF 85 stream definition. This change of definition is due to the change in time-coverage of the shower in the different years. In other years the outage in timecoverage again cause the shower to appear insignificantly. The South ι Aquarids which normally presents a better target for detection does not appear significantly at all when using the CSF 80 definition. However this orbit, as listed by Jopek et al. (1998) , has an inclination of 0
• which leads to an ease of association of meteors well separated temporally; it also intermingles the southern and northern branches to further confuse the situation. The South ι Aquarids does however appear significantly using definitions CSF 35 in V1996 and CSF 81 in V1995-V1998: only in V1999 does it remain insignificant, this is caused by the end of the data set occurring during the active period. It is interesting to note that CSF 81, which is the stream found with the most number of significant years in the low-inclination region, is also that with the highest inclination (12.
• 6); this underlines the ease with which orbits at lower inclinations are lost in the general background.
The only other shower having any significance in the near-ecliptic inclination regime is the κ Aquarids (CSF 42, 104 and 66) . This shower only reaches a significant level in V1995. It occurs about the time of the autumnal equinox and has a low inclination of approximately 2
• . The number of orbits in this shower is low in each year as shown in Table 2 and although it is significant in one year the lack of significance in other years does not allow further analysis.
We now look at the low-inclination regime (i ∈ [10 • , 20
• )). The South ι Aquarids (CSF 81) which appeared so significantly in the previous discussion is of course within this region. The North δ Aquarids which one would expect to be significant is not detected here: this may be due to the similarity of the northern to the much stronger southern branch having caused a higher expectation value than would normally have been present.
Other showers having some significance are the omicron Serpentids and η Serpentids with the latter being significant in A1996 and A1998 and the former being significant in V1995. These showers have similar orbital elements (CSF 130 and 131) and occur at close times. However their crossover at the λ = 90
• point means that they are being compared against different yearly data sets: A1996 in this sense is the same 'year' as V1995. These stream orbits tabulated by Jopek et al. (1998) do seem to be significant in the AMOR data set.
The strongest shower in the low-inclination region appears to be the Daytime Sextantids (CSF 183) in the years V1995 and V1997 in which it is significant. As a result of time-coverage problems in the other years this shower does not otherwise appear significantly. This illustrates the case of a shower which is clearly visible by several methods being impossible to confirm as significant if the shower period is not adequately covered.
The last shower which is significant in the low-inclination data set is the β Capricornids. This daytime shower which appears a month before the vernal equinox appears significantly in A1998 only.
In the medium-to high-inclination regime there are a higher proportion of significant associations found in the AMOR data set. The first shower significantly associated in Table 4 is the η Aquarids. This major shower appears at the 99 per cent level each year and its membership is generally greater than twice that expected based upon a Poisson random distribution: there is no doubt as to the reality of this shower. Similarly the major South δ Aquarids shower, in all its various definitions (CSF 32, 182, 93 and 202) , generally achieves at least five times the expected value: this multiple falls to about three in V1999 where the data set finishes during the active period. The South δ Aquarids is well above the 99 per cent threshold in all years. A related shower, the so-called Aquarids-Cetids (CSF 175), as listed by Jopek et al. (1998) , is also found to be significant in all years except V1999 where the data set does not cover the activity period. This mean orbit is really a version of the South δ Aquarids biased towards a later mean solar longitude at detection:
≈ 328
• for CSF 175 while typically ≈ 305 • is that accepted for the South δ Aquarids.
An interesting finding is the significance of the Orionids (CSF 199, 49, 275, 137 and 100) in all years. The northerly declination of this shower makes it unlikely to detect many shower members and yet a large number of meteors are found to be apparently associated within the AMOR data set. The Orionids has a similar orbit to the η Aquarids. These showers are based on meteoroids sampled from the same stream but detected at opposite nodes: therefore the D-criterion in this case has correctly associated the η Aquarids meteors with the Orionids. This case illustrates the difference between stream and shower detection: the meteoroids causing these showers share the same orbits but have well-separated dates of detection. The 60
• wide exclusion zone around the time of the shower does not define these shower orbits as different when such a 180
• change in detection area occurs.
A well-known radar shower, the Daytime Sextantids is again found to be significant in V1995 and V1997. As discussed previously for this shower the time-coverage problems during the active time of this shower cause significance problems in other years.
While most of the other orbits listed are insignificant there appears to be two orbits GE0609 (CSF 261) and the ζ Cetids (CSF 181) which are significant in several years at about the same time of the year, λ ≈ 80
• . Both of these showers are quite similar in their orbital elements, they are also similar to the orbital elements of the South δ Aquarids; but this shower occurs 1.5 months earlier and is detected at the opposite node. This is a daylight shower, known as the omicron Cetids by Kronk (1988) . This shower was detected at Jodrell Bank and by the Harvard Radio Meteor project. Lovell (1954) notes that 37 omicron Cetids meteors were detected at Jodrell Bank between 1950 May 13 and 23 with a mean velocity of 37 ± 4 km s −1 . This shower appears to be one of the most significant non-major showers detected by AMOR; coupled with its daytime nature it becomes particularly interesting.
The other showers of interest, which appear significantly in several years, are GE1206 (CSF 214) and the Puppids (CSF 176). These showers occur over the same time period and both share the properties of deep south declinations (−54.
• 2 and −63.
• 2). Apart from a difference of 12.
• 7 in inclination their orbits are very similar leading to the conclusion that the shower GE1206 listed by Gartrell & Elford (1975) is in fact the Puppids. The Puppids were seen by Nilsson (1964) where he noted that the group became more pronounced at fainter magnitudes in contrast to the ecliptic concentration of photographic meteors. Their high inclination and relatively low eccentricity (0.5) make this stream particularly unusual. Both showers occur at the 99 per cent level in V1997 and V1998 while the Puppids occur at the 95 per cent level in 1995 where GE1206 is again at 99 per cent. Time coverage problems remove significance in V1996 and V1999.
Conclusions
All of the major streams accessible within AMOR's declination and time coverage are found to be significant. Additionally streams such as the Puppids, ζ Cetids and the Serpentids are significant. It is interesting to note that on the whole the small stream component within the AMOR data set appears to be dominated by the major showers with, in general, little significance found for previously published (mostly photographic) minor showers. This is particularly true in the area where one is most likely to find streams: the nearecliptic region. AMOR is a particularly sensitive detector and it would appear from this study that the showers detected by lesssensitive equipment, and therefore from larger particles, are not generally present for AMOR. An alternative explanation, of course, is that a number of the previously published streams may well be simply statistically insignificant artefacts resulting from the searches having been performed in high-density regions of the large-scale sporadic background orbital distribution.
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